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ABSTRACT

32777

This Report is principally a description of an operational high-power
CW radar transmitter. To properly orient this transmitter with the
NASA-JPL space program, some preliminary discussion of the space

telecommunications problem, the existing Deep Space Network, and
in particular the continuing program of advanced system develop-
ment is presented. The system in which the transmitter functions is
described and its use as a planetary radar and as a proving ground
for equipment is discussed. The design parameters for such a trans-
mitter are delineated and the history of its development is traced.

Particular attention is given to problems encountered and to their
solutions. There is a detailed description of the hardware involved.
The present plans for increasing the radiated power still further and
upgrading the transmitter system in general are presented.

A

I. INTRODUCTION

The Jet Propulsion Laboratory (JPL) of the California
Institute of Technology is assigned by the National Aero-
nautics and Space Administration (NASA) responsibility
for certain unmanned lunar and planetary space pro-
grams. In support of these programs, a Deep Space
Instrumentation Facility (DSIF) is operated with track-
ing and data acquisition stations located at approximately
120-deg spacings around the Earth. These stations pro-
vide continuous radio and radar contact with space
vehicles. The present locations of these stations are

Woomera and Canberra, Australia; Johannesburg, South
Africa; Goldstone, California, USA; and a new instal-
lation scheduled for Madrid, Spain. The purpose of these
stations is to provide tracking of spacecraft (two angles,
doppler and range), issue commands to spacecraft, and
receive telemetry and television signals. Figure 1 is an
aerial view of the Echo Site at Goldstone, California and
is representative of the other stations. The 85-ft HA Dec
antenna operates with a 10-kw S-band transmitter and
a low-noise receiver.
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Fig. 1. Aerial view of Echo site

. ADVANCED SYSTEM DEVELOPMENT

To develop improved systems and subsystems for these
stations, and to obtain important data on the planets of
our solar system, a special advanced development station
is operated at the Venus site, Goldstone, California. Fig-
ure 2 is an aerial view of this site. Two antennas are
available. The 30-ft Az-El antenna in the foreground is
presently used at X-band and higher frequencies, and
the 85-foot Az-El antenna is used with the high-power
transmitter for lunar and planetary work. Near this an-
tenna are the buildings housing the hydraulics for the

servo motors, the 1.5-Mw heat exchanger and pumps, and
the transmitter power supply and controls. The main
control building is in the foreground, 1500 ft from the
antenna to avoid radiation hazard. Figure 3 is a view of
the interior of this control building showing a portion
of the high-power radar installation. There are also
limited office and laboratory facilities at this base and a
permanent staff providing 3-shift, 24-hr, 7-day opera-
tion. Engineering development work is accomplished at
Pasadena, California. At any time, several engineers from
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Fig. 2. Aerial view of Venus site

Fig. 3. Planetary radar control room
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that facility may be at the Venus site. Firm power at 60
cps is furnished by a line from a commercial power sys-
tem. As the pictures indicate, this area is desert (Mojave)
and all water is supplied via tank truck. Ambient tem-
peratures can range from +16°F in winter to +130°F in
summer. High winds are common. The site offers the ad-
vantages of adequate land, good isolation from other
installations, and low radio noise.

As mentioned previously, this site serves the dual
functions of field-testing of advanced systems and accu-
mulation of astronomical data. The first function is met
by continuous operation (10 to 20 hr per day, 7 days a
week) and the building of considerable flexibility into
the equipment. The planetary radar work has resulted
in refinement of the astronomical unit and correction in
ephemeris information which has contributed to the
success of space vehicle missions.

The major components of the high-power CW plane-
tary radar are shown in block diagram form in Fig. 4.
It is apparent that the system is a monostatic radar using
the same antenna for transmission and reception. In
planetary work, the round trip signal time is from
4 min to over 1 hr so the change from a transmit to a
receive configuration may be accomplished by waveguide
switches without the switching time becoming an appre-
ciable part of a cycle. In addition to the operation of
the waveguide switches the receiver local oscillator is off
during transmission and the transmitter drive is off dur-
ing reception.

Starting at the top center of Fig. 4, the antenna is an
85-ft Az-El steerable parabola which, at the operating
frequency of 2388 Mc, provides 54-db gain and a beam
width of 0.35 deg. The antenna and its Cassegrain feed
are shown in Fig. 5. The small object at the apex of the

la@———————  SERVO  [«@— EPHEMERIS TAPE DRIVE
LOAD SHORT POLARIZER [«
100-kw \ <\ DATA
RECEIVER |—»
TRANSMITTER v ’ PROCESSING
WAVEGUIDE SWITCHES IN L—
RECEIVE POSITION
PROGRAMMED TRANSMIT-
SHORT LOCAL CO’;‘?:;E&R | RECEIVE
OSCILLATOR SWITCHING
EPHEMERIS
TAPE DRIVE

Fig. 4. Planetary radar block diagram




quadripod is a 6-ft tunneled antenna used in a bistatic
configuration on some lunar experiments.

The servo system of the antenna is driven by error
signals developed from an ephemeris tape prepared in
advance by JPL for the planets of interest and the time
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of operation. The punched paper tape is converted by
digital equipment to azimuth and elevation signals which
drive the hydraulic servo motors. A more recent develop-
ment uses an on-site computer to drive the antenna and
eliminates the need for prepared tapes. The servo control
and boresight TV console are shown in Fig. 6.

Fig. 5. 85-ft Az-El antenna

Antenna servo console
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Ill. THE RECEIVER

The receiver used in this system is a low-noise triple
conversion superheterodyne with five channels capable of
handling various types of modulation. The first amplifier,
a traveling-wave liquid helium-cooled maser, is located
in the Cassegrain feed cone on the antenna (shown in
Fig. 7). It provides a system noise temperature at zenith
on cold sky of 29°K. With this noise temperature, the
receiver has been operated open loop to —190 dbm and
is capable of maintaining phase lock in a 5-cps loop to
—176 dbm. In addition to the maser, the receiver first
converter, RF switches and polarizer, and a signal gen-
erator are located in the cone. The signal is converted to
30 Mc and conducted to the control building via coaxial
cable. Figure 8 is a view of the portion of the receiver
in the control room. Figure 9 shows the type of modular

Fig. 7. Cassegrain feed cone installations
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Fig. 8. Receiver Mod IV

Fig. 9. Receiver Mod IV interior
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construction used in the receiver, the exciter, and other
radar components. Each of the gold plated modules
shown comprises some complete circuit element such as
a phase detector, mixer, amplifier, etc. All have 50-Q
input and output and are shielded and filtered to main-
tain leakage levels below 1 v around the box and on the
power leads. The gold plating provides improved cover
seals.

All reference frequencies for the receiver as well as
all other station frequencies and time bases are derived
by synthesis techniques from a master rubidium oscillator

Fig. 10. Master controller Mod il

with a one minute stability of 5 parts in 10™* and a one
vear stability of 5 parts in 10'".

Master station control is supplied by the special pur-
pose computer shown in Fig. 10. This digital device
currently controls transmit-receive cycles, range gates,
and ranging codes, and is expected to take over such
tunctions as automatic checkout and monitoring.

The programmed local oscillator (see Fig. 11), pro-
vides a local oscillator injection signal derived from an
ephemeris tape and keeps the receiver tuned to the cor-
rect doppler frequency during open loop operation. It is
not necessary during locked loop tracking operations.

The receiver output signal is integrated and processed,
and the power spectrum is plotted with the equipment
shown in Fig. 12. The transmitter exciter and power am-
plifier, which will be described in detail later, complete
the system.

RENEEE -
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Fig. 11. Programmed local oscillator
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IV. SYSTEM CAPABILITY

Since the system described is an advanced develop-
ment system, there is a constant interest in improving
the capabilities and range. Figure 13 shows graphically
the increased capability of the JPL planetary radar
since it was first operational in mid 1960 using a 10-kw
transmitter, a receiver with a noise temperature of
1570°K and an 85-ft antenna. The installation of a ruby
maser in early 1961 reduced the system noise tempera-
ture to 64°K. The transmitter power was raised to 13 kw,
and improvements were made in the transmitting and
receiving antenna feeds effecting a total improvement of
19.1 db. In late 1962, the change to a Cassegrain antenna
feed system and the installation of a double-cavity maser
improved the system capability by another 2.9 db. In
early 1963, an improved two-cavity maser reduced the
system noise temperature to 37°K providing a 0.3-db
improvement. The 100-kw transmitter (used for the first
time) increased the capability by 8.9 db. The 1.9-db
increase in 1964 resulted from an improved antenna sur-
face and the installation of a traveling-wave maser with

90
T
BASIC RADAR CAPABILITY IS PROPORTIONAL TO:
80 - (TRANSMITTED POWER DENSITY)(RECEIVER CAPTURE —
AREA)/(SYSTEM NOISE TEMPERATUREYWFREQUENCY)
. L1
210-ft ANTENNA RECEIVER
85-ft ANTENNA TRANSMITTER
2 29 deg
©. 0 400 kw l |2
r . /
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Fig. 13. Radar system improvement chart

a system noise temperature of 29°K. The projected im-
provement in 1965 and 1966 will result from use of the
210-ft antenna now under construction at Goldstone,
California (8 db on transmit and 8 db on receive) and an
increase in transmitter power to 400 kw (4.2 db).

The possibilities of increasing system capability are
seen to consist of larger antennas, lower noise receivers,
higher powered transmitters and perhaps improved de-
tection and signal processing techniques. The latter have
been investigated intensively and present systems are
near optimum for the state of the art. The 210-ft D steer-
able antenna mentioned previously represents approxi-
mately the practical limit of construction. A maser with
a noise temperature of 29°K does not leave room for
much improvement in this area. Increased transmitter
power remains as an attractive possibility, however,

High power alone is not enough in a CW radar trans-
mitter. If this were the case, it might be more easily
obtained by using a crossed field oscillator such as a
magnetron instead of the exciter-linear accelerator power
amplifier which is used. The requirements of such a
transmitter are the following:

1. High power

Low incidental phase modulation
. Phase stability

. Amplitude stability

. Frequency stability

. Bandwidth

Low harmonics

. Low noise

© 0O Ul WL

. Phase modulation

[t
o]

. Keying
11. Linear capability

Low incidental phase modulation (or jitter) and medium
term phase stability requirements are imposed by the
phase sensitive system with which the transmitter is
used. Incidental phase modulation may occur in the
exciter oscillator or multipliers, or in the klystron ampli-
fier. Changes in beam voltage on the klystron result in
phase changes. In the type VAS858 tubes used in this
transmitter, the “pushing factor” is about 1 deg per 20 v
and is a function of the electrical length of the klystron
drift path. The objective on this system is a total phase
jitter of less than 3 deg rms, which imposes a severe
requirement on power supply filtering. Direct current is
used on the tube heater to avoid modulation.
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Amplitude stability of 0.1 db over one planetary
transmit-receive cycle is desired. This again, in the
klystron, is a function of power supply regulation. The
exciter is designed for amplitude stability, but any
instability is largely eliminated from the system by oper-
ating the klystron in a saturated condition.

Frequency stability is controlled entirely by the oscil-
lator and as the basic signal is synthesized from the rubid-
jum standard, it is held to 5 parts in 10**, long term.

Bandwidth has never presented a problem in this type
of operation. The exciter chain can be designed for any
required bandwidth and the klystron exhibits a 3-db
bandwidth of from 10 Mc to 30 Mc at 2388 Mc (depend-
ing on the tuning). The maximum requirement to date
has been 3 Mc. The klystron could easily provide a
bandwidth of 60 Mc with a reduction in gain from 60 db
to approximately 46 db.

Allowable harmonic radiation is limited by interfer-
ence to other services. Originally, the transmitter was
designed to include a harmonic filter. Subsequent meas-
urements showed the second, third, and fourth harmonics
to be down 42 db, 47 db and 72 db, respectively, which
met all requirements without the use of the filter.

Noise in the klystron is approximately 10 mw in a
10-Mc bandwidth with nominal beam voltage of 34 kv.

This is 65 db below the transmitted power of 100 kw in
a useful bandwidth of 3 Mc and causes no problem on
the transmitted signal. However, this noise persists during
receive cycles when the drive is removed from the kly-
stron and poses a problem of isolation from the receiver.
A low-noise transmitter is therefore desirable.

In many modes of operation, the ability to phase-
modulate the transmitter with digital signals up to 1 Mc
and to =90 deg is a requirement. On-off keying of the
drive is also used and both of these functions are pro-
vided in the exciter chain to be covered later. Saturated
operation is the usual mode, but specialized require-
ments for linear operation exist. For this reason some
provision for linear operation is desirable. The Goldstone
transmitter is capable of linear operation to 70-kw aver-
age power with not over 10% nonlinearity.

It can be seen from the above restrictions that the
problem of providing high-power output with acceptable
characteristics is formidable. The Goldstone transmitter,
which is the subject of this Report, has been operational
for 18 mo at 100-kw continuous wave output and has
been operated as high as 150 kw. In addition, it meets
all the parameters listed in Fig. 12 and operates 12 to 20
hr per day, 7 days a week, with less than 3% unscheduled
downtime. This represents a considerable improvement
from the first operation in early 1963 when the mean time
between failures was 17 min! System, component, and
circuit redesign was required.

V. THE TRANSMITTER

As shown in Fig. 14, the transmitter consists basically
of a power supply which converts the line voltage of
12,600 v, 3 phase, 60 cps to direct current at up to 55 kv
and 30 amp with a power limitation of 1 Mw, for the
klystron amplifier beam. The frequency synthesizer and
the exciter provide an input signal to the 100-kw ampli-
fier which provides approximately 60-db power gain.
The transmitter control furnishes monitoring and control
of all functions while 38 protective devices prevent dam-
age to equipment by removing voltage in event of a mal-

10

function. The liquid-to-air 1.5-Mw heat exchanger is
used to cool the amplifier, the power supply, and various
auxiliaries to the transmitter.

The signal starts in the exciter which is shown in block
diagram form in Fig. 15. The output of the rubidium
maser, which is the basic station frequency standard, is
synthesized to provide 31.84 Mc. The coaxial relay is
used to assure adequate isolation of the driving signal
during receive periods. This is followed by the solid state



keyer which can handle on-off keying from de to 1 Me.
The X5 varactor multiplier is followed by a phase modu-
lator. The only type of modulating signal encountered in
normal modes of operation is digital square waves, so a
special case is presented to this modulator. The ability
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to handle complex waves is not required but a high order
of stability is necessary. The modulating signal operates
two VHF solid state switches to vectorially sum a refer-
ence and a phase shifted signal to produce a phase
modulation up to +90 deg at the transmitter output. The
modulating signal is therefore relieved of any rigid ampli-
tude stability requirements. Using symmetrical modu-
lating waveforms, this system produces up to 60 db of
carrier suppression at +90-deg shift.

HEAT The signal is amplified to 300 mw and sent through a
EXCHANGER 1500-ft cable to the transmitter compartment on the
85-ft antenna. The loss in this cable is 11.5 db, over half
of which occurs in the antenna wrapup and terminal
POWER 100-kw cables where the use of low-loss foam-type cable is not
1 supeLy AMPLIFIER practical. A second VHF amplifier in the antenna com-
pensates for the cable losses to drive the X15 solid state
multiplier. The 0 to 60-db attenuator and the triode
PROTECTIVE TRANSMITTER EXCITER cavity amplifier provide a drive signal to the klystron
CIRCUITS CONTROL from essentially 0 to 3 w. The directional coupler and
power meter indicate the drive level on the antenna and
U\L WATER LINE in two remote locations.
ELECTRICAL FREQUENCY
SYNTHESIZER Since the klystron gain is 60 db in the usual tuning
condition, only 100 mw of drive is required. It is possible
Fig. 14. Transmitter block diagram to obtain up to 2 w from a varactor multiplier at this
3184 Mc 152.2 Mc 159.2 Mc
20 Mw 2 Mw 300 Mw
I \\ +24.8 dbm
RUBIDIUM FREQUENCY COAXIAL KEYER MULTIPLIER DIGITAL VHF
- — - ™  PHASE [P
MASER SYNTHESIZER RELAY AMPLIFIER X5 MODUL ATOR AMPLIFIER
SIGNAL FROM KEYING MODULATING
RF SWITCH SIGNAL SIGNAL
CONTROL £ TO ANTENNA —i15 db CONTROL ROOM
ANTENNA
2388 Mc
300 Mw 2388 Mc
159.2 Mc +24.8 dbm 3w
133 dbm \ \
TO 100-kw
VHF _J MULTIPLIER | gl ATTENUATOR [ gl vy (rigr [ogm| DIRECTIONAL | o 70 (200w
AMPLIFIER X 15 0-60 db COUPLER AMPLIFIER
POWER
METER

Fig. 15. Exciter block diagram
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frequency and plans call for replacing the present X15
multiplier with a unit capable of this output. The triode
amplifier will therefore be unnecessary, and a major
maintenance problem will be eliminated.

Figure 16 shows the bandpass of the exciter to be 6 Mc
at the 3-db points. This exceeds all system requirements
by a factor of 2. The control room portion of the exciter
is shown in Fig. 17. The left cabinet is the 100-kw ampli-

100 1
= 80 |
=),
a
-
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o
@x 60 h
wl
% BAND PASS 6 Mc
a | "
W 40— L | - «R—Ytg—
> \ !
[
< ‘ : a : ‘
o i \ 1
@ 20— — | : 4
BN
o) B [ \ﬁ—
-11.25 -75 -375 2388 +375 475  +|1.25 +I50

FREQUENCY, Mc

Fig. 16. Exciter frequency response
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Fig. 17. Exciter (control room)
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Fig. 18. Exciter (antenna)

fier remote control with the rubidium standard and instru-
mentation in the center. The sliding plate at the right
mounts the exciter proper. Figure 18 shows the antenna
mounted exciter modules with the box cover removed.
The elaborate double shielding is required to avoid
danger of oscillation in the high-gain klystron. It also
provides weatherproofing. Note that all cooling is by
conduction to the box sides.

A. The Power Amplifier

The klystron power amplifier is the heart of the high-
powered CW transmitter and is the item which required
the most development work. Figure 19 shows the ampli-
fier (with the top weather cover removed) mounted in
the cage behind the antenna. Since the cage moves with
the antenna in azimuth and elevation, the amplifier must
operate in any attitude. The required 50 gal/min of cool-
ing water is handled in azimuth movement by a rotary
joint and in elevation by flexible hoses. A total of 4 cables
containing 4 coaxials and 46 pairs is conducted from the
ground to the transmitter via a wrapup for azimuth move-
ment and flexible cables for elevation. Figure 20 is a block
diagram of the power amplifier. The signal from the
exciter passes through two series-connected crystal diode
switches and through a ferrite isolator to reduce mis-
match to the first cavity of the power klystron. This part
of the circuit is in 50-Q coaxial cable. The function of the
crystal switches is to remove the drive in the event of a
waveguide arc as indicated by a signal from the arc de-
tector, or a rapid increase in back power. These switches
provide 60 db of isolation with an operating time of

e
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Fig. 19. 100-kw amplifier in antenna

5 usec for protection of the klystron. The 100-kw output
is in WR430 waveguide to the waveguide switch, which
selects either the antenna or the RF water load. This
load will handle the full output continuously and is used
for testing and adjustment of the transmitter as well as
the basic standard for calibrating the power meters. The
input and output water temperatures and the flow rate
are monitored, and power is computed by calorimetric
methods.

The beam power supply input is normally 32 kv at 8.5
amp with the positive grounded and the negative high
voltage to the cathode. At 100 kw out, this indicates an
efficiency of 37%, which is affected a few percent by the
tuning of the cavities. The filament supply of approxi-
mately 10 v at 10 amp is connected to the cathode and
therefore operates at 32 kv above ground. The focusing
magnet coils are water-cooled and are in series across
a single power supplv which, at best focusing adjustment,
delivers approximately 500 v at 9 amp. The Vacion gauge
gives a continuous indication of the vacuum in the tube
and is particularly useful in indicating return to a safe
operating condition after an outgassing in the tube. In
addition, the Vacion assists in pumping down the tube.
Forward and back power couplers indicate power on

TO ANTENNA
INPUT FROM
E;(a:gTEAR VAB58 i00-kw /
A € CRYSTAL FERRITE KLYSTRON WR 430 WAVEGUIDE WAVEGUIDE
O-3 w 8= SwitcH ' soLATOR D SWITCH
% MAGNET
- .
DIRECTIONAL
ARC i
DETECTOR CObFLERS '
RF
TUNING WATER
MOTORS LOAD
BACK FOREWARD
— F’SLUAP'ﬁ,EﬁT *— - Véfgg“ POWER POWER
LOCAL METER METER
TUNING
ANTENNA
D s iy, i e s . A T Ty it e ——— i e o——— e S——" — i——  —. Ui Tlia— —_— e — —
POWER SUPPLY BUILDING
TRANSMITTER MAGNET BEAM
CONTROL SUPPLY SUPPLY

REMOTE METERS

Fig. 20. 100-kw amplifier block diagram
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local and remote meters, and in addition, the back power
coupler provides tube protection as previously mentioned.

The four cavities of this klystron are tuned by revers-
ible gear motors and tuning may be accomplished either
locally or remotely. After a tube is placed in service,
there is little occasion to change the tuning and it is
thought that the motor tuning could be replaced with
manual controls on future tubes. Further, future tube
designs may well be fixed-tuned with considerable simpli-
fication and no compromise in performance.

Figure 21 is a view of the power amplifier on the
ground with the weathertight covers removed. The
gauges to the right indicate water flow, pressure, and
temperature. The klystron and its magnet are in the right
compartment with the two water hoses attached to the
inlet and outlet fittings. The waveguide output is at the
left. Because of the high powers involved, only oxygen-
free copper guide is used to hold losses to a minimum
and even this guide requires water cooling.

The main control station for the transmitter, which pro-
vides switching functions, instrumentation, remote tuning,
focusing control, and fault indication, is shown in Fig. 22.
This is located in the transmitter building near the an-
tenna, and control may be maintained from here or from
the remote panel in the main control building 1500 tt
away.

Fig. 21. 100-kw amplifier (open)
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Fig. 22. Transmitter control console

B. The Klystron Tube

The type VAS58 klystron was developed specially for
use in this transmitter, and is believed to be the highest-
powered CW tube at this frequency in existence. It is
36 in. long by 10% in. D and weighs 135 lb. The magnet
weight is 425 1b. It is a four-cavity klystron and provides
46 to 60 db gain depending on the broadness of the tun-
ing. Figure 23 is a view of the tube. Two klystrons were
built on the original development and these tubes have
been used for 18 mo on planetary work. Three additional
tubes have since been procured, but as yet have not been
placed in service. The klystrons are satisfactory consider-
ing that they are the first tubes at this CW power level,
and as such are highly developmental. However, they
remain the limiting factor on power output and reliability
of the transmitter, and do not average over 900 hr of
service. A total of seven failures have occurred between

—



Fig. 23. 100-kw klystron tube

the two tubes and after each failure the tubes have been
rebuilt. Rebuilding costs average about half the cost of
a new tube. One failure occurred as a result of a few
plugged water passages in the collector. A filter with
smaller openings than the collector has been installed to
avoid this problem. One output window cracked from
heat during a high-power test at 178 kw which is, of
course, 78 kw above rating. A nitrogen-forced cooling
system is under consideration to remove this limitation.
A third failure of this tube was caused by the manufac-
turer failing to properly clean foreign material from the
tube before sealing. The second tube suffered three fail-
ures resulting from malfunctions of external equipments.
This tube has two additional failures resulting from a
cracked collector and a leak in a ceramic-metal seal,

The problem of collector erosion from the high-
intensity beam is a major limitation on life. The *-in
thick copper collector walls can be eroded away to a point
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where water leaks occur. Future designs will use a collec-
tor with a silver coated interior and shielded magnet coils
to provide better beam dispersion in an effort to reduce
this problem. Most damage results from high beam
energy per unit area due to poor defocusing.

C. Beam Power Supply

The third major component of the transmitter is the
beam power-supply. This supply will deliver up to
55,000 v and up to 30 amp of direct current with a
power limitation of 1 mw. It is obviously overpowered
for the 350-kw input requirement of the 100-kw trans-
mitter and was designed with a view to future power
increase. The supply is shown in block diagram form in
Fig. 24. Power at 12,600 v, 3 phase, 60 cps is supplied to
two separate substations from a commercial line which is
underground for the last mile because of the presence of
strong RF fields. The 2400-v substation supplies the main
motor generator only, while all auxiliaries are supplied
from the 480-v substation. A 75-kw, 400-cps, 3-phase
motor generator operated from this line supplies all
auxiliary 400-cps requirements. The output of the main
motor generator at 400 c¢ps is stepped up in voltage in
the transformer, rectified, and delivered to the load
through a filter, crowbar, and series-limiter diode at volt-
ages adjustable from 3000 v to 55,000 v.

Referring to Fig. 25, the motor generator consists of a
1750-hp. 60-cps, 1800-rpm synchronous motor directly
connected to a 1100-kva, 400-cps, 3-phase alternator. At
the right is the 150-hp induction type cranking motor used
to bring the unit up to speed through a magnetic clutch.
Output voltage of the dc supply is controlled manually
or automatically by adjustment of the field of this alter-
nator (which is supplied from a rotary exciter). This ex-
citer also supplies the field of the synchronous motor
and this is used to maintain an essentially unity power
factor for the total load by over exciting the motor field.
Control of the motor generator is accomplished in the
cabinet shown in Fig. 26, which provides switching func-
tions, over and under voltage and current protection,
automatic and manual voltage regulation, synchroniza-
tion, power factor control, and monitoring.

The use of a frequency changer (such as the motor
generator) might seem unnecessary but actually provides
technical and economic advantages which make it well
worth while, Tt will be incorporated into future designs.
It isolates the power line from a crowbar of the dc supply
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Fig. 24. Power supply block diagram
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Fig. 25. Main motor generator

16




JPL TECHNICAL REPORT NO. 32-656

Fig. 26. Motor generator control console

and greatly simplifies the line protection problem. It
also isolates the supply from short duration line voltage
fluctuations and transients due to the large inertia of its
rotating components. The change from 60 to 400 cps re-
duces all transformer sizes and costs, and by changing
the ripple frequency from 360 to 2400 cps, reduces filter
size and cost. No failures other than normal start-up
problems have occurred in this equipment and it is con-
sidered satisfactory.

The vacuum switches following the alternator are used
to remove the residual field output of the alternator when
it is desired to reduce the dc output to zero (as in case
of a crowbar firing resulting from a fault). The vacuum
relays were used instead of conventional air or oil
switches because of their fast opening time of 50 msec.
The transformer-rectifier assembly is located in a concrete
vault for safety. Figure 27 is a view of one corner of the
transformer and two of the twelve rectifier tubes used in
the 3-phase, full wave bridge. The small size of the vault
precludes a more inclusive photograph. The lead-lined
NX-ray safety door to the rectifier is open. The water hoses
cooling the tubes are in the foreground and the object
at the left of the door is the safety grounding rod. The
transformer contains the high-voltage winding and fila-
ment windings for the rectifier tubes. It is oil-immersed
and water-cooled. These tubes were a major source of
trouble during the early months of operation and their
life in some cases was only minutes. Under full voltage
operation, the peak inverse voltage across the tubes’ is
57.750 v. Even at 32 kv dc out, the piv is 33,600 v. This
was within the published ratings of the tubes, but both

Fig. 27. Transformer and rectifier

internal arcs, which destroved the tubes, and external
arcs, which crowbarred the system off the air. were com-
mon. An intensive program of redesign was undertaken
and the present tubes have operated one vear without
arcs or failures. However, the use of silicon rectifier
stacks is considered superior to thermionic diodes from
the standpoint of reliability. reduced voltage drop, in-
creased efficiency, reduced cooling requirements, and
elimination of filament supplies. An oil-immersed, water-
cooled silicon stack has therefore been manufactured and
is shown in Fig. 28 removed from its tank. This unit will
be installed during the next availability of the svstem and
future designs will use this tvpe of rectifier.

The output of the rectifier is conducted from the vault
to an enclosure containing the filter, crowbar, crowbar
logic circuits, and an automatic shorting bar. The filter,
consisting of a 1-h choke and a 0.42-mfd output capacitor,
is shown in Fig. 29. The output ripple under full load is
less than 0.05%.
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Fig. 28. Silicon rectifier

An interesting phenomena occurred when the system
was first placed in service. The high-voltage cable is a
double-shielded coaxial type with 47-mmf/ft capacity.
The capacity of the cable from the rectifier to the choke
resonated the circuit at 2400 ¢ps (resulting in very high
ripple). The addition of a 0.06-mfd input capacitor shifted
the resonance and solved the problem.

Also in the compartment with the filter is the crowbar
protective device. This consists of a hemisphere gap
(shown in Fig. 30). The high voltage out of the filter

appears across this gap with the lower hemisphere at
ground potential. The gap opening is controlled by a
servo which increases the gap with increasing dc voltage.
Located in the lower half is a spark plug which initiates
a discharge across the gap when high klystron body cur-
rent, a step function of beam current, or a rectifier tube
arc is sensed. This discharges the stored energy of the
filter across the crowbar, rather than across the fault,
preventing equipment damage. The operating time of
the crowbar is 5 usec. At the time the gap is fired, the
contactors to the alternator field are dropped and 40 msec
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Fig. 29. Filter
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Fig. 30. Crowbar

later the vacuum relays between the alternator and trans-
former open. This removes the alternator residual field
voltage and drops the system voltage to zero.,

An additional klystron protective device is the series-
limiter diode shown in Fig. 31. This is a 175-kw plate
dissipation triode connected as a diode in series with
the high-voltage lead from the crowbar to the klystron.
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Fig. 31. Series limiter diode

The filament voltage is controlled to provide emission
limiting of the pass current to 150% of normal, thus pre-
venting high peak.discharge currents in event of a kly-
stron arc. While this device is effective, it has several
drawbacks. It does not protect against the stored energy
in the 17,600-mmf capacity of the cable to the antenna,
which at 32 kv amounts to 8.7 j. The voltage drop across
the diode at 9 amp is approximately 10,000 v, resulting in
a 90-kw power loss. In addition the filament of this tube
consumes up to 21,600 w. If higher power operation is
attempted, the supply does not have sufficient voltage
output to afford this 10-kv loss. For these reasons, the
diode limiter will be replaced by a 10-Q surge resistor
at the klystron. This will limit the energy in the tube
arc to 2.3 j, which is 30% of the unlimited value and is
adequate protection.
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Because of high ambient temperature and frequent
sand conditions on the desert, air cooling is generally not
satisfactory. The only air cooling used is a small blower
on the klystron cathode seal. The klystron, motor gen-
erator clutch, transformer, rectifier, magnet coil, series
limiter and its filament supply are all cooled by distilled
and deionized water from the main heat exchanger shown
in Fig. 32. This unit has a capability of 1.5 Mw in ambient
air of —32°C to +57°C, with a water output tempera-
ture not to exceed 62°C. The pressure is 165 psi at the
heat exchanger and 140 psi on the antenna at a flow rate
up to 300 gal/min. There are three radiators cooled by
three 10-ft fans. Temperature is automatically controlled
by vane type air shutters. When a shutter is % open, the
associated fan shuts off and starts again when the shutter
opens beyond the % point. The four circulating pumps are
manually controlled. A 30-kw heater is used to prevent
freezing under extreme conditions and covers can be in-
stalled on the radiators for shut-down. In the picture, the
covers are installed on the left radiator. A still and deion-
izer are being installed to prepare make-up water on the
site. The heat exchanger is satisfactory and no problems
exist with it.

Certain accessory equipment is used which is not re-
quired for operation of the system, but which is useful for
testing and maintenance. A dc water load, Fig. 33, is used
for testing the power supply. It is mounted high on a wall
for safety and is remotely controlled. Heat is dissipated by
using the cooling water as a conductor. The unit is satis-
factory at the 350-kw level, but problems with insulator
failure and internal arcing have been experienced at
1 Mw. A new load is under design at JPL to handle the
full power.

In order to monitor the transmitted spectrum in the
control room, a spectrum analyzer of the swept frequency
type is used. The input to this unit is centered on 30 Mc.
Figure 34 is a block diagram of the antenna-mounted
weatherproof box which heterodynes 2388 Mc to 30 Mc
for this purpose. The 31.44 Mc synthesized from the
rubidium standard is sent to the antenna and multiplied
X 75 in solid state multipliers to 2358 Mec. This is mixed
with the 2388 Mc obtained from a short probe in the an-
tenna, and the resulting 30 Mc is returned to the control
room for display on the spectrum analyzer.

Fig. 33. dc water load
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Vi. PROTECTION

There is extensive equipment protection provided
throughout the system. Various devices have countless
times prevented damage to the klystron or other compo-
nents. Indeed, it has been suggested that it is statistically
remarkable that the transmitter has operated at all with
this multiplicity of cutoffs. In addition to the wave-
guide arc and back power sensors, there are 38 addi-
tional sensors which remove primary power from the
transformer. These are low water flow, over current
and under current, over voltage and under voltage,
temperature, cooling air and high-voltage compartment
interlocks. In the early months of operation, extreme
problems were encountered with the actuation of the
logic circuits of these devices by extraneous electrical
signals. As an example, the operation of the klystron tun-
ing motor switches on the magnet power supply Variac
drive motor triggered one or more protective devices.
There was even an indication that the pulse fromn the
room light switch could cause a false operation. This has
been eliminated by un extensive program of shielding and
filtering leads and bypassing of spark-producing devices.

When super high-power was first considered, a major
concern at JPL was for personnel safety. This continues
to receive the daily attention of the engineers and oper-
ating crews. The value of the extensive precautions ob-
served has heen proven by the lack of accidents at the
site to date. There are three potential hazards: RF radia-
tion, X-rays and high voltage.

The allowable standards for radiation have been estab-
lished at 1 mw/cm? continuously, and 10 mw/cm?* for
short periods not to exceed 1 hr out of 24. These are the
most conservative standards known and compare with
10 mw/cm? continuously, which is commonly used. To
insure that these limits are not exceeded, there are
10 hand-carried radiation monitors with direct reading
scales on the.site. All areas have been surveyed and safe
areas are documented. All personnel entering the radia-
tion area are issued one of these monitors. The transmitter
and antenna area is swrrounded by ua fence with flashing
orange lights when the high voltage is on, and flashing
red lights when the transmitter drive is on. When any of
these lights are on, only approved transmitter personnel
are admitted inside the fence. This regulation is enforced
by a guard on the gate. There is an automatic cutoff
which shuts down the transmitter if the antenna is low-
ered below 7 deg, which prevents the beam from striking
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buildings or personnel areas. A safety key switch on the
antenna permits personnel to remove the key, which
prevents application of high voltage to the transmitter.
In addition, there are key switches on the control panels
in the transmitter building and the control room. All of
these keys must be in place in order for the transmitter
to operate. The only duplicate keys are kept at JPL under
lock. Red “panic buttons” located in the klystron ampli-
fier box, outside the box, and on both control panels will
turn the transmitter off. In addition, an anncuncement is
made over the public address system before the trans-
mitter is energized.

The only unsafe areas are in the main beam of the
antenna. Levels around the klystron and behind the para-
bolic reflector do not exceed 4 mw/cm?, and most areas
are below this. No operating area shows a field which
will give an indication on the monitors with a threshold
of 0.1 mw/cm>.

Soft X-rays are generated by the klystron and hard
X-rays by the rectifier tubes. The latter will be eliminated
with the installation of the silicon rectifier. The safe level
of X-ray exposure has been established at 2.5 mr/hr, not
to exceed 100 mr/wk. The level at the klystron cathode is
9 mr/hr and with the covers in place, 2 mr/hr, At a
distance of 2 ft with the covers on, there is no measurable
X-ray radiation. The rectifier tubes are enclosed in a lead-
lined cabinet outside of which there is no measurable
radiation. The cabinet doors are interlocked with the high
voltage so no measurement has been made with the doors

open. An X-ray meter is on site for survey or personnel
use and all possible danger areas have been surveyed.
Personnel working for extended periods in any possible
danger area are required to wear film badges. In addition,
the fence and key switch system described above also
protects against X-rays.

The principal high-voltage danger is from the beam
supply which can be as high as 55,000 v, but danger also
exists in the 60-cps and 400-cps circuits. All compartments
and cabinets containing high voltage have door interlocks
which will turn the system off if any door is opened.
Shorting chains or “dead man sticks” are located at all
high-voltage points, and these are required to be in place
before any work is done on this equipment. All control
panels are dead front with no exposed voltage points.
Warning signs are prominently displayed. In addition to
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the “panic buttons” described above, there are cord-
mounted buttons in the transformer-rectifier vault and in
the crowbar compartment. The key switch system and
personnel control fence are a major part of the high-
voltage safety plan.

The most valuable safety device is a careful man, and
the site personnel have received considerable safety
indoctrination. JPL engineers are always on the alert to
correct any unsafe condition or practice. While nothing

can be completely foolproof, the transmitter is considered
to represent a high order of safety engineering.

The experience gained with the 100-kw transmitter has
placed the Jet Propulsion Laboratory in a position to
proceed to even higher power. Developmental work is in
progress on a klystron to utilize the full 1-Mw capability of
the power supply and deliver a minimum of 350 kw CW
to the antenna. The problems will be many, but such a
system will certainly be operable in the foreseeable future,
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